Introduction {#sec1}
============

Benzylamines, as a kind of cheap reactant, have been greatly developed in organic synthetic chemistry.^[@ref1]^ In recent years, benzylamines have been used as units that are biologically active in the synthesis of drugs and chemical materials.^[@ref2]^ In particular, they act as appropriate raw materials to make the ortho-substitution reaction possible in transition metal catalytic reactions.^[@ref3]^ In previous studies, the ortho-alkenylation of a variety of arene compounds was achieved via direct C--H activation.^[@ref4]^ However, the ortho-alkenylation of benzylamine substrates encounters great challenges, such as the oxidation of benzylamines,^[@ref5]^ the limitation to the substrate benzylamine,^[@ref6]^ the competition between C--H alkenylation and olefin hydroarylation,^[@ref7]^ and the cyclization of alkenylation products via an intramolecular aza-Michael addition.^[@ref8]^ For example, the Kim group^[@ref9]^ reported a rhodium-catalyzed oxidative alkenylation of N-benzyltriflamides with olefins in 2014, but the product finally cyclized to afford the isoindolines. In 2015, Carretero and co-workers^[@ref10]^ utilized the catalyst-controlled divergent heteroaryl/aryl functionalization of picolinamides to selectively yield isoquinoline or *ortho*-olefinated benzylamine derivatives. In 2016, Zhao and co-workers^[@ref11]^ have reported rhodium(III)-catalyzed oxidative C--H/C--H cross-coupling of heteroarenes and masked benzylamines and presented a new synthesis approach of ortho-heteroarylated benzylamines under mild conditions. Therefore, the suitable directing group is needed to ensure the ortho-substitution and prevent further aza-Michael addition.

Recently, Fu and co-workers^[@ref12]^ have developed a new approach to achieve the oxidative alkenylation of benzylamines ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). In this reaction, pentafluorobenzoyl (PFB), a directing group which can efficiently prevent the product cyclization by aza-Michael addition, is required to control the ortho-alkenylation of benzylamines with ethyl acrylate. A possible mechanism proposed by the authors has been shown in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}. Amide nitrogen of benzylamine **1** coordinates to the active catalyst IrCp\*(OAc)~2~ and then undergoes N--H deprotonation and C--H activation via concerted metalation--deprotonation (CMD) to afford the intermediate **B**. Next, the migratory insertion of ethyl acrylate **2a** to the Ir--C bond gives the intermediate **C**. Sequential β-H elimination and reductive elimination processes take place to yield the alkenylated product **3** and an Ir(I) species. Finally the Ir(I) species is oxidized by AgOAc to regenerate the active catalyst Ir(III) species. In previous theoretical studies, the C--H alkenylation of anilines and tertiary benzylamines through direct β-H elimination and reductive elimination has been reported, in which either the sp^2^-hybridized N or C atom is favorable for N--C reductive elimination.^[@ref13]^ Primary and secondary benzamides coupling with alkynes or alkenes to synthesize heterocycle compounds have been reported experimentally.^[@ref14]^ In the current study, the actual sequence of β-H elimination and reductive elimination remains unclear and the role of the directing group PFB has not been explored. In addition, a kinetic isotope effect (KIE) value of 1.3 observed experimentally indicates that the *ortho* C--H activation is not involved in the rate-determining step, but the real rate-determining step is unclear. Moreover, the catalytic details of the alkenylation of secondary benzylamine bearing a special PFB directing group are still unclear. Therefore, a density functional theory (DFT) study has been conducted herein to reveal the detailed catalytic mechanism.

![Ir-Catalyzed ortho-Alkenylation of Benzylamine with Acrylate by Fu et al.^[@ref12]^](ao0c01587_0006){#sch1}

![Possible Reaction Mechanism Proposed by Fu et al.^[@ref12]^](ao0c01587_0007){#sch2}

Computational Details {#sec2}
=====================

All the DFT calculations were carried out with the Gaussian 09 program.^[@ref15]^ Geometry optimizations and frequency calculations for all the intermediates and transition states were conducted at the M06 level of theory^[@ref16]^ in conjugation with the ultrafine grid.^[@ref17]^ The BS1 mixed basis set designates that the effective core potential of Hay and Wadt with a double-ζ basis set (LANL2DZ)^[@ref18]^ is used for Ir (ζ~f~ = 0.938) and the 6-31G(d,p) basis set^[@ref19]^ is used for C, O, N, F, Cl, and H atoms. Intrinsic reaction coordinate calculations were performed to trace the reaction pathway. Vibration frequency calculations were conducted at the same level to achieve the thermodynamic corrections. Each minima has zero imaginary frequency, while each transition state has only one imaginary frequency.

The solvent effect was treated with a self-consistent reaction field using the SMD model.^[@ref20]^ Single-point calculations were performed using the larger basis set 6-311++G(d,p) for C, O, N, F, Cl, and H atoms and SDD for Ir, which is denoted as the BS2 mixed basis set. Chlorobenzene (PhCl) was used as the solvent with a dielectric constant value of 5.61. For comparison, other level calculations for the key intermediates and transition state, such as B3LYP,^[@ref21]^ M06L,^[@ref22]^ and B97XD,^[@ref23]^ were included, in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01587/suppl_file/ao0c01587_si_001.pdf). The calculated results show that the M06 functional is more appropriate in comparison with other functionals. Thus, all the energies discussed in the current study are the relative Gibbs free energies in the PhCl solvent with thermodynamic corrections in the gas phase using the M06 functional.^[@ref16]^ Atomic orbital analysis and noncovalent interaction (NCI) analysis are implemented using the Multiwfn program,^[@ref24]^ and the NCI isosurfaces are generated using the VMD 1.9.3 program.^[@ref25]^

Results and Discussion {#sec3}
======================

In the catalytic reaction system, several species are added to control the reaction condition. Based on the experimental and calculated results, the Cp\*Ir(OAc)~2~ species **Cat** is selected as the active catalyst and the zero energy reference ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01587/suppl_file/ao0c01587_si_001.pdf), Figure S1).^[@ref26]^ According to the calculated results, the reaction mechanism can be divided into three stages: N--H deprotonation and C--H activation (stage I), migratory insertion of ethyl acrylate (stage II), and the ortho-alkenylation of benzylamine and catalyst regeneration (stage III).

Stage I: N--H Deprotonation and C--H Activation. {#sec3.1}
------------------------------------------------

According to the proposed mechanism in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}, the energy profile for N--H deprotonation and C--H activation is given in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. First, the active catalyst **Cat** interacts with **1** to form the N-coordinated intermediate **IM1**, which then undergoes the N--H deprotonation process via a CMD pathway^[@ref27]^ to give **IM3**. This step needs to overcome an overall energy barrier of 18.6 kcal/mol (**TS2** relative to **Cat**). After dissociation of HOAc, the intermediate **IM3-2O** converts to **IM5** via structural isomerization. Subsequently, C--H activation occurs to yield a five-membered iridacycle **IM7** via **TS6** with an overall barrier of 21.6 kcal/mol (**TS6** relative to **Cat**), and release of the resulting HOAc molecule generates the more stable five-membered iridacycle **IM8**.

![Calculated energy profile for N--H deprotonation and C--H activation. The relative Gibbs energies and relative enthalpic energies (in parentheses) are given in kcal/mol.](ao0c01587_0001){#fig1}

Additionally, an alternative pathway for C--H activation was also considered ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01587/suppl_file/ao0c01587_si_001.pdf)), where the N--H keeps intact. However, this pathway is excluded because of a high overall energy barrier of 29.8 kcal/mol.

Stage II: Migratory Insertion of Ethyl Acrylate. {#sec3.2}
------------------------------------------------

Theoretical explanations for selective alkene insertion into the TM--C bond have been previously reported,^[@ref28]^ depending on the different electronic densities at the two carbon atoms of alkenes. The regio- and stereoselectivity for ethyl acrylate insertion are also considered, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. Starting from **IM8**, ethyl acrylate **2a** inserts into the Ir(III)--C bond to achieve the possible seven-membered iridacycle intermediates. In path I, the carbon atom linking to the ester substituent of **2a** takes a nucleophilic attack on the Ir(III) center to give the desired seven-membered intermediate **IM11**, and this pathway overcomes an overall energy barrier of 27.8 kcal/mol (**TS10** relative to **IM8**). In path II, the terminal alkenyl carbon of **2a** couples with the Ir(III) center to finish the insertion of **2a** (step **IM8** → **IM11′**), and this process requires an overall energy barrier of 36.8 kcal/mol, which is higher by 9.0 kcal/mol than that in path I. Thus, the insertion of **2a** in path I is more favorable, and this can be understood by means of molecular orbital interactions. The carbon from Ir--C takes a nucleophilic attack at the alkenyl carbon of ethyl acrylate **2a**, and the larger orbital coefficient of the π\* antibonding orbital of **2a** is more favorable for the insertion. According to the calculated results in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A, the coefficients of C1 and C4 are 36.8% and 20.8%, respectively. Clearly, the nucleophilic attack with the carbon from Ir--C at C1 of **2a** is approved over that at C4 of **2a**. Thus, the regioselectivity of **2a** insertion is determined by the larger orbital coefficient of the π\* antibonding orbital of **2a**, and this result is consistent with that of previous theoretical investigations.^[@cit13c],[@cit24c]^ In addition, insertions of **2a** with the ester group proximate to benzylamine (path III and IV) are unfavorable because of the steric effect, which is verified by the NCI analysis, in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. One can see that the steric repulsions between the ester group and the directing group PFB in **TS10** and **TS10′**are obviously smaller than those in **TS10-a** and **TS10-b**, respectively, predicting that the stereoselectivity of **2a** insertion is determined by the steric effect.

![Calculated energy profiles for the insertion of ethyl acrylate **2a**. The relative Gibbs energies and relative enthalpic energies (in parentheses) are given in kcal/mol.](ao0c01587_0002){#fig2}

![Lowest unoccupied molecular orbitals of alkenes with spatial plots and atomic contributions (isovalue = 0.02). (A) Ethyl acrylate **2a** and (B) methoxyethene **2b**.](ao0c01587_0003){#fig3}

![Noncovalent interaction analyses for the transition states **TS10** (A), **TS10-a** (B), **TS10′** (C), and **TS10-b** (D). Blue, green, and red surfaces represent the strong attraction, weak interaction, and steric effect, respectively.](ao0c01587_0004){#fig4}

We have also considered the influence of the electron-donating group of methoxyethene **2b** on its regioselectivity of insertion. The calculated free energy profiles, as shown in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01587/suppl_file/ao0c01587_si_001.pdf), and the atomic contributions, in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B, show that the nucleophilic attack of the carbon from Ir--C on C4 of **2b** with the larger orbital coefficient is favored, and this result further supported the abovementioned calculated regioselectivity of alkenyl insertion. Additionally, the influence of the directing group of benzylamine on the reactivity has also been considered. When the directing group PFB is replaced with 2,6-dimethylbenzoyl, the overall energy barrier of step **IM8″** → **IM11″** is calculated to be 31.4 kcal/mol ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01587/suppl_file/ao0c01587_si_001.pdf)), further indicating that the strong electron-withdrawing directing group is vital to improve the reactivity, which is in agreement with the experimental results.^[@ref12]^

Taken together, starting from **IM8**, the insertion of **2a** is favored by the nucleophilic attack of carbon from the Ir--C bond on the larger orbital coefficient of the π\* antibonding orbital of **2a**, and this process overcomes an energy barrier of 27.8 kcal/mol. The formation of **IM8** via C--H activation (**IM5** → **IM8** via **TS6** in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) requires an energy barrier of 21.6 kcal/mol, while the reverse reaction (**IM8** → **IM5**) overcomes an overall energy barrier of 22.1 kcal/mol. Both data are lower than those of **2a** insertion; thus, we predict that the C--H activation process is reversible, which has been demonstrated by the H/D exchange experiments.^[@ref12]^

Stage III: Catalyst Regeneration and the *ortho*-Alkenylation of Benzylamine. {#sec3.3}
-----------------------------------------------------------------------------

Starting from **IM11**, several plausible reaction pathways with the corresponding energy barrier have been proposed and examined, as shown in [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}. In case I, the sequential β-hydride elimination and reductive elimination steps, as shown in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"} (C → Cp\*Ir(I)), occur to afford the alkenylated product, and this case undergoes **TS15-a** to give **IM16-a** with an overall energy barrier of 37.8 kcal/mol. The detailed energy profiles of case I are given in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01587/suppl_file/ao0c01587_si_001.pdf). In addition, starting from **IM14-a**, it first undergoes a dissociation isomerization of the double bond to give **IM17-b**, which is followed by reductive elimination to generate **IM20-b** via **TS19-b**. However, the overall energy barrier is calculated to be as high as 43.1 kcal/mol ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01587/suppl_file/ao0c01587_si_001.pdf)). Thus, case I is ruled out. In case II, the N--C bond formation via a direct reductive elimination starting from **IM11** is explored. Clearly, case II is difficult to occur with an extremely high energy barrier of 70.5 kcal/mol ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01587/suppl_file/ao0c01587_si_001.pdf)) because both sp^3^-hybridized C and N atoms are unfavorable for N--C reductive elimination.^[@ref13]^ In case III, 1,2-H migration assisted by the Ir center and C--N reductive elimination take place to generate the five-membered ring intermediate **IM19-d**. Starting from **IM11**, β-H elimination occurs to afford the intermediate **IM14-a**, as shown in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01587/suppl_file/ao0c01587_si_001.pdf), which undergoes isomerization to achieve **IM15-d** ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01587/suppl_file/ao0c01587_si_001.pdf)). Then, H-migration to the *ortho*-carbon atom and C--N reductive elimination occur to deliver the five-membered ring intermediate **IM19-d** via **TS18-d**. Likewise, this pathway is also infeasible with an extremely high energy barrier of 60.1 kcal/mol (**TS18-d** relative to **IM17-d**) because both N and C atoms, for reductive elimination in **TS18-d**, are sp^3^-hybridized. In case IV, N-protonation and reductive elimination processes are finished with the assistance of acetic acid. This pathway overcomes an overall energy barrier (**IM11** → **IM14** via **TS13**) of 18.1 kcal/mol, and the detailed calculated results are given in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. Therefore, we concluded that case IV is the most favorable pathway starting from **IM11**.

![Calculated energy profiles for the catalyst regeneration and o-alkenylation product of benzylamine. The relative Gibbs energies and relative enthalpic energies (in parentheses) are given in kcal/mol.](ao0c01587_0005){#fig5}

![Plausible Pathways Proposed Starting from IM11](ao0c01587_0008){#sch3}

As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, acetic acid coordinates with **IM11** to afford **IM12** in which the hydroxyl of acetic acid forms a hydrogen bond with the nitrogen atom of benzylamine. Then, the nitrogen atom is protonated by acetic acid to deliver **IM14** via **TS13** with a free energy barrier of 18.1 kcal/mol relative to **IM11**. **IM14** isomerizes to the more stable **IM15** through nitrogen atom dissociation, and then, β-H elimination takes place to yield **IM17** via **TS16**. Subsequently, the hydride was transferred from the Ir(III) center to acetate via reductive elimination to generate acetic acid and the Ir(I) complex **IM19**, which overcomes an energy barrier of 11.9 kcal/mol (**TS18** vs **IM15**). Finally, acetic acid dissociates from **IM19** to afford the Cp\*Ir(I) complex **IM20** with the lower energy ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01587/suppl_file/ao0c01587_si_001.pdf)), which releases the desired o-alkenylation product of benzylamine, and Cp\*Ir(I) is oxidized by the additive AgOAc to regenerate the catalyst. This process occurs easily with an overall energy barrier of 18.1 kcal/mol (**IM11** → **IM14** via **TS13**). Additionally, an alternative pathway starting from **IM14** is also considered, as shown in [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01587/suppl_file/ao0c01587_si_001.pdf). **IM14** first isomerizes to **IM15′** through a κ^1^--κ^2^ transformation of acetate; then, **IM15′** undergoes a sequential β-H elimination and hydride migration to yield the Z-configuration product. However, this pathway requires an overall energy barrier of 25.5 kcal/mol (**TS18′** vs **IM11**), which is higher by 7.4 kcal/mol than that of the abovementioned pathway and thus it is ruled out. Comparing **TS18′** ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01587/suppl_file/ao0c01587_si_001.pdf)) with **TS18** ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}), an energy difference of 9.0 kcal/mol results from the larger steric hindrance between the aromatic ring and ester group in the Z-configuration transition state **TS18′**.

Taken together, the formation of five- and six-membered ring intermediates in cases II and III needs to experience a direct C--N reductive elimination, but this process is infeasible because both sp^3^-hybridized N and C atoms are unfavorable for the direct reductive elimination. In contrast, the ortho-alkenylated product in case IV is formed with the assistance of AcOH without undergoing a cyclization process, which is more facile to occur. For the entire catalytic process, the migratory insertion of ethyl acrylate is the rate-determining step with an overall energy barrier of 27.8 kcal/mol, which is higher than that of the C--H activation by 6.2 kcal/mol. This result is supported by the KIE experiment, and a KIE value of 1.3 suggests that the *ortho* C--H bond activation is not involved in the rate-determining step.^[@ref12]^

In addition, the role of the directing group PFB has been investigated, and the diverse plausible pathways for the aza-Michael addition of the product or intermediates, as shown in [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01587/suppl_file/ao0c01587_si_001.pdf), have been considered. First, product **3** undergoes a direct intramolecular aza-Michael addition to form **3′** in the absence of the catalyst ([Figure S10A](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01587/suppl_file/ao0c01587_si_001.pdf)). However, this pathway is ruled out because of the ring strain presented in the four-membered transition state **P′-ts** with an overall free energy barrier of 61.0 kcal/mol. Then, aza-Michael addition has been taken into account in the presence of the catalyst ([Figure S10B](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01587/suppl_file/ao0c01587_si_001.pdf)). Staring from **IM15-d**, C(sp^2^)-N reductive elimination occurs via **TS16-e** to give **IM17-e**, which is followed by hydride migration to obtain the aza-Michael addition product, but the relative free energy of **TS16-e** is calculated to be 38.9 kcal/mol, which is higher by 20.2 kcal/mol than that of **IM14**, in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and thus it is also excluded. Additionally, aza-Michael addition reaction in the presence of the catalyst and the base acetate has also been considered, as shown in [Figure S10C](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01587/suppl_file/ao0c01587_si_001.pdf). **IM20-c** experiences N-deprotonation with the assistance of acetate via a barrierless process; then, C(sp^2^)-N reductive elimination takes place to afford **IM21-AcO**. This pathway is infeasible because of an overall free energy barrier of 48.4 kcal/mol. Therefore, the directing group PFB could effectively prevent the product or intermediates undergoing cyclization via an aza-Michael addition.

Conclusions {#sec4}
===========

We herein report a detailed catalytic mechanism of iridium-catalyzed benzylamine *ortho* C--H alkenylation with ethyl acrylate through DFT calculations. This mechanism involves N-deprotonation, C--H activation, the insertion of ethyl acrylate, N-protonation with the assistance of acetate acid, β-H elimination, and reductive elimination processes. The N-deprotonation prior to C--H activation via the CMD process is favored over direct C--H activation, and the C--H activation process is reversible, which has been demonstrated by the H/D exchange experiment. The migratory insertion of ethyl acrylate is the rate-determining step with an overall energy barrier of 27.8 kcal/mol, which is higher than that of the C--H activation process by 6.2 kcal/mol and supported by the KIE experiment. Furthermore, the migratory insertion of ethyl acrylate is finished through a nucleophilic attack of the carbon from Ir--C on C1 with a larger atomic orbital coefficient of ethyl acrylate. In contrast to the plausible mechanism by the Fu group^[@ref12]^ where the intermediate **C** was proposed to undergo sequential β-H elimination and reductive elimination steps to afford the alkenylation product, the calculated results reveal successive N-protonation, β-H elimination, and reductive elimination processes with the assistance of acetic acid, giving the ortho-alkenylation product benzylamine and Cp\*Ir(I). Finally, Cp\*Ir(I) is further oxidized by AgOAc to regenerate the catalyst. Six- and seven-membered ring intermediates are unable to directly cyclize to form cycloaddition products because N--C reductive elimination is difficult to occur for both sp^3^-hybridized N and C atoms, and the directing group PFB plays an essential role in preventing the product or intermediates from cyclizing via an aza-Michael addition.
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